Differentiation of malignant from benign liver tumors remains a challenging problem. In recent years, mass spectrometry (MS) technique has emerged as a promising strategy to diagnose a wide range of malignant tumors. The purpose of this study was to establish classification models to distinguish benign and malignant liver tumors and identify the liver cancer-specific peptides by mass spectrometry.
Background
Malignant liver tumors are considered to be one of the major public health problems in the world because of late diagnosis and failure of treatments. There are mainly three kinds of malignant liver tumors in adults: hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA), and metastatic liver tumors. HCC is the most common and highly lethal liver tumor. Approximately 500,000 people die of HCC each year, and more than 50% of the cases occur in China. It is the fifth leading cause of cancer death worldwide, and the Asia-Pacific region is a high-prevalence area [1] . CCA, the second most common primary hepatic malignancy, originates from the bile duct epithelial cells and accounts for 10% to 20% of the deaths from hepatobiliary malignancies [2] . Metastatic liver tumors are malignant tumors in the liver that have spread from other areas of the body. Clinically, these malignant liver tumors are generally asymptomatic in early stages and easily lead to missed diagnosis. In addition, they also require differentiation from benign liver lesions to avoid unnecessary interventions. Therefore, it is important to develop accurate diagnostic methods to distinguishing between benign and malignant liver tumors [3] .
At present, serologic markers, such as a-fetoprotein (AFP) and imaging technology, are the main methods to detect malignant liver tumors. However, serologic markers are limited by their low sensitivity, and imaging methods, such as computed tomography (CT) and magnetic resonance imaging (MRI), are limited by their high cost. Ultrasound and elastography have been used as screening methods for liver tumors, but their accuracy was only about 70% [4] [5] [6] . In addition, these imaging methods have the risk of radiation exposure. In recent years, mass spectrometry (MS) has been used in clinical diagnosis and medical research fields, including discovery of cancer biomarkers, diagnosis of bacterial infection, and identification of mutations and genotypes of virus [7] [8] [9] [10] [11] . Mass spectrometry technique is more precise, rapid, and cost-effective than the traditional methods. In this study, we applied Matrix-Assisted Laser Desorption Time of Flight Mass Spectrometry (MALDI-TOF-MS) combined with weak cation-exchange chromatography Magnetic Beads (MB-WCX) to establish classification models to distinguish benign and malignant liver tumors and identify the liver cancer-specific peptides by liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Material and Methods

Subjects
All serum samples were obtained from 302 Military Hospital, Beijing, China. Subjects included 66 patients with malignant liver tumors (34 HCC, 22 CCA, and 10 metastatic liver tumors) and 79 patients with benign liver tumors (34 liver cirrhosis lesions, 30 liver hemangiomas, 11 hepatic cysts, 3 hepatic adenomas, and 1 focal nodular hyperplasia). The study characteristics are shown in Table 1 . All study subjects were first-visit outpatients who were newly diagnosed with focal liver lesions by ultrasound. The final diagnoses were made by liver histopathology or MRI based on guidelines from the Ministry of Health of the People's Republic of China [12] and the guideline from the Chinese Society of Hepatology and the Chinese Society of Infectious Diseases [13, 14] . Some patients with the following conditions were excluded: other systemic disease such as diabetes and hypertension; prior surgery, interventional therapy, radiotherapy, chemotherapy, and other invasive treatment; and severe complications such as upper gastrointestinal bleeding and hepatic encephalopathy. The study procedures were approved by the Ethics Committee of the 302 
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Military Hospital of China, and written informed consent obtained from each subject.
Sample preparation
The serum samples were collected in a 5 mL vacuum blood collection tube without anticoagulant, then centrifuged for 5 min at 12,000 g at room temperature. The serum samples were distributed into 1.5 mL aliquots and stored at -80°C. The frozen samples should be thawed at room temperature for 15 min before use. MB-WCX (Bruker Daltonik, Germany) kits were used according to the manufacturer's protocol. We added 10 μL of MB-WCX beads and 10 μL of binding solution (BB) in 200 μL PCR tubes. Then we added 5 μL of serum samples and mixed thoroughly by pipetting up and down. Subsequently, samples were incubated at room temperature for 5 min, and then we used a magnetic separator to collect the beads. The supernatant was removed, and the magnetic beads were washed three times using washing solution (WB). Finally, we added 5 μL of elution solution (EB) and 4 μL of stabilization buffer (SB) to elute the peptide fraction from the magnetic beads.
MALDI-TOF-MS analysis
We transferred 1 μL of supernatant from the PCR tubes onto a 384 ground steel target plate, and then the samples were air-dried. 
Data analysis and model generation
Data analysis was performed with ClinPro Tools Software and Flex analysis software (version 3.0; Bruker). All the spectra were normalized, and baseline subtraction and smoothing were performed with Flex analysis software. Peaks with signal-tonoise ratio (S/N) >5 were picked out, and statistical analysis was performed. Data that were normally distributed were analyzed with Student's t tests, and non-normally distributed data were analyzed by the Wilcoxon test. In order to construct the diagnostic models to distinguish benign and malignant liver tumors, all samples were randomly divided into 2 subsets: training set and validation set. A total of 95 serum samples (43 malignant liver tumor patients and 52 benign liver lesion patients) were used to construct classification models as training samples. Three different machine-learning algorithms were used as follows: genetic algorithm (GA), supervised neural network (SNN), and quick classifier (QC). To confirm the clinical applicability of the models constructed, the blinded validation test was conducted with 50 other serum samples. Liver histopathology or MRI results served as the gold standard. Accuracy, sensitivity, specificity, positive and negative predictive values (PPV and NPV), and Youden's index were calculated to assess the performances of the models.
Identification of peptide markers
Samples purified by MB-WCX beads were desalted using ZipTipC18 pipette (Millipore, Bedford, Massachusetts, USA) tips according to the procedure described below. ZipTips were activated and equilibrated with 50% (vol/vol) acetonitrile. Then, a TFA-acidified sample was applied to the ZipTip, followed by two washes with 10 μL of 0.1% (vol/vol) TFA solution. Bound proteins were eluted using a 50% (vol/vol) acetonitrile solution containing 0.1% (vol/vol) TFA. Analysis of the eluted peptides was performed using a qTOF Synapt G2-S system (Waters, Pittsburgh, Pennsylvania, USA) equipped with an ESI source operated in the positive ion mode. The source temperature was set at 100°C with a flow rate of 200 nL/min. The capillary and cone voltages were set to 3000 and 40 V. MS data were collected for m/z values in the range of 100 Da and 2000 Da with a scan time of 0.5 s, and MS/MS data were collected between 50 Da and 1600 Da with a scan time of 0.2 s. The MS/ MS data were searched on Mascot (http://www.matrixscience. com). Peptide mass tolerance was 10 ppm, fragment ion mass tolerance was 0.01, and the mass type of the parent peptide and peptide fragment was at monoisotopic.
Results
Discrepancy analysis of mass spectra
We performed a reproducible study for the MB-WCX bead and instrument. The CV of inter-reproducibility was 18.02% (4.46~32.16%), and that of intra-reproducibility was 14.97% (4.03~55.4%). After discrepancy analysis of serum peptidome fingerprints by using ClinPro Tools Software, a total of 129 peaks were found and 27 of them were significantly different (p<0.05) between the benign and malignant liver tumor groups. The statistical results for the 27 peaks are shown in Table 2 . We also found that 16 peaks increased significantly in the malignant liver tumor group; in contrast, the other 11 peaks were clearly reduced in the malignant liver tumor group. To demonstrate the differences visually, the simulated twodimensional (2D) gel electrophoresis map and mass spectra map are shown in Figure 1 . The 2D peak distribution map of first 2 peaks showed that the 2 groups of peaks were separated completely, and we could discriminate the benign and malignant liver tumors easily (Figure 2 ).
Establishment of classification models for liver tumors
We used the ClinPro Tools software to analyze the data and establish three identified models (GA, SNN, and QC models).
Results of identification of malignant liver tumors by the 3 models were as follows: the GA model had a cross-validation of 81.67% and a recognition capability of 100%, the QC model had a cross-validation of 86.11% and a recognition capability of 80.84%, and the SNN model and a cross-validation of 81.11% and a recognition capability of 89.38%. From the results shown in Table 3 we could infer that by using these algorithm models, we could achieve above an 80% accuracy rate for detecting malignant liver tumors. Therefore, blinded validation study with more clinical samples should be done with the follow-up research. 
Blinded validation of clinical samples
A total of 50 serum samples, including 23 malignant liver tumors and 27 benign liver tumors, were successfully analyzed as validation samples by MALDI-TOF-MS models. Among these 50 samples, 39 (78%) were correctly identified by the GA models with 4 false negatives and 7 false positives, giving a sensitivity of 82.61% and a specificity of 74.07%. A total of 42 (84%) samples were correctly identified by both the SNN and QC models with 5 false negatives and 3 false positives, giving a sensitivity of 78.26% and a specificity of 88.89%. The diagnostic performances of 3 algorithm models are listed in Table 4 .
Peptide identification
A total of 27 differential peaks were found by using the peptidomic profiling analysis, but only 10 were identified ( (7) y (12) y (14) y (15) y (16) y (17) y (21) y (22) y (23) y (24) y (25) y (26) y (1) y (2) b (3) b (11) b (18) b (19) b ( (21) b (21) b (22) b0 (23) b (23) b (24) b (25) b (26) y 0 (5) y (5) y (6) y (7) y (8) y (9) y ( (8) y0 (8) y (8) y (6) y0 (7) y0(19)++ y (7) y (14) y (16) y(18) y* (15) y (9) y0 (10) y (10) y (11) y0 (21)++, y* (10) y (3) y(4) y(5) b0(7)++ b0 (7) b0 (8) b (8) b (9) b (7) b (11) b (3) b (4) inter-alpha-trypsin inhibitor heavy chain H4 with the amino acid sequence NVHSGSTFFKYYLQGAKIPKPEASFSPR; the MASCOT score was 72. Mascot Search Results of 3 identified peptides are shown in Figure 3 -5.
Discussion
Malignant liver tumors always present as focal lesions in liver, but not all focal lesions are malignant. Most benign tumors also present similar clinical and imaging features, and they do not require aggressive treatment. Therefore, it is very important for making a treatment plan to differentiate benign from malignant tumors. Despite widespread current availability of advanced imaging techniques, the distinction between benign and malignant liver tumors remains very difficult to determine. In addition, advanced imaging techniques require complex procedures or high costs that many patients can't afford. Liver biopsy was considered the reference method for the diagnosis of malignant liver tumors, but it has many limitations such as invasiveness, sampling error, and inter-observer variability [15] . However, compared with imaging and histological methods, serum tests are more convenient and rapid with a relatively low cost, and they also can be used for dynamic monitoring.
MALDI-TOF-MS is a powerful tool for the detection and identification of proteins, peptides, polysaccharides, nucleic acids, and other biological molecules, and it has been used in clinical diagnosis and medical research successfully. In the past few years, MALDI-TOF-MS has been used for the expression analysis of low-molecular-weight serum proteins and peptides. As we know, human serum contains many different peptides that are thought to be fragments of large proteins. Some of these peptides may have the potential to be biomarkers for prognosis or diagnosis of diseases, because their presence/absence or relative abundances are correlated with health status of patients. MB-WCX were developed for enrichment and purification of low-mass peptides and proteins (1-20 kDa) directly from the biological samples prior to MALDI-TOF-MS analysis. Many studies have shown that it is an effective strategy to increase the sensitivity and reproducibility of the mass spectra [16] [17] [18] .
There are many published reports that focused on the mass spectrometry technique in evaluation of liver diseases [19] [20] [21] [22] . Mass spectrometry proteomic analysis for differentiating malignant liver tumors is also feasible now. He et al. established a neural network model to diagnose whether HCC patients had accompanying bone metastasis, and the sensitivity and specificity of this model were 85.29% and 85.71%, respectively [23] . Sandanayake et al. developed a predictive model to detect biliary tract cancer (BTC), and it had a sensitivity of 79.5% and a specificity of 83.9% in discriminating BTC from benign biliary disease [24] . Scarlett et al. developed a classification model to distinguish cholangiocarcinoma (CC) serum samples from benign serum samples, and it had 65.0% sensitivity and 70.0% specificity [25] . However, these studies were for diagnosis of a particular cancer and not for distinguishing malignant from benign liver tumors. Our study indicated that MALDI-TOF-MS can be helpful in differentiation of malignant liver tumors from benign liver tumors.
Although the MALDI-TOF-MS method has greatly improved the possibility of finding new potential biomarkers for diseases, interference of protein produced due to a stress reaction or chronic disease is a well-known problem in biomarker research. For example, some patients with terminal malignant tumors always have accompanying severe complications or have undergone invasive treatment; thus, their serum components have changed greatly. In order to rule out the influence of the patient's physical condition, some patients who had invasive treatment, other chronic disease, and severe complications were excluded in our study. In addition, we handled all the serum samples using MB-WCX beads and detected them on the same day to avoid day-to-day variation. In this study, we applied MALDI-TOF-MS technique combined with MB-WCX kits to analyze 95 serum samples from 43 patients with malignant liver tumors and 52 patients with benign liver lesions. A total of 27 differentially expressed peaks (p<0.05) were found: 16 of them were over-expressed in patients with malignant liver tumors, whereas the others were under-expressed. Three peptide peaks of m/z 2860.34, 2881.54, and 3155.67 were identified with high probability as a fragment of fibrinogen alpha chain, fibrinogen beta chain, and inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4), respectively. Fibrinogen, which participates in the process of blood clotting, is synthesized in the liver. Many previous studies had shown that fragments of fibrinogen alpha or beta chains were associated with liver tumors [21, 24, 26, 27] . ITIH4, an acute-phase glycoprotein produced primarily in the liver, is involved in liver development and stabilization of the extracellular matrix (ECM), and its expression is altered in liver disease [28] . Noh et al. [29] confirmed that ITIH4 could be used as a diagnostic and prognostic indicator in patients with hepatitis B virus-associated hepatocellular carcinoma. In the present study, we have demonstrated that fragments of fibrinogen and ITIH4 have been obviously altered in the serum of malignant liver tumors patients, and they have the potential to be developed as ideal biomarkers for the identification of malignant liver tumors, which will be studied in our further work.
The classification models based on these differential peaks showed different performances. The GA model obtained an 81.67% cross-validation rate and a 100% recognition rate. The QC model obtained an 86.11% cross-validation rate and a 80.84% recognition rate. The SNN model obtained an 81.11% cross-validation rate and a 89.38% recognition rate. They can be used for distinguishing between benign and malignant liver tumors and also can meet clinical-application needs after further confirmation. The results of blinded validation are robust, since the accuracy rate of these models is around 80%. The GA model obtained 82.61% sensitivity and 74.07% specificity, which was better sensitivity and lower specificity compared with the QC and SNN models. Both the QC and SNN models obtained 78.26% sensitivity and 88.89% specificity. We believe that a combination of three models might be a more reliable approach for the screening of liver tumors.
There are still some things to be improved in our study. The numbers of samples tested in our study limited the reliability of the models, and the results of the blinded validation study are not yet reliable enough for routine clinical diagnosis. Despite this, we found some specific peaks to distinguish benign and malignant liver tumors, and then we established three classification models. The results of validation were very robust.
Conclusions
MALDI-TOF-MS can be helpful in differentiation of benign and malignant liver tumors. MALDI-TOF-MS combined with MB-WCX should be used as an additive method with conventional imaging methods. From the results of identification using the LC-MS/MS method, we found that fibrinogen and ITIH4 might be used as biomarkers for the diagnosis of malignant liver tumors.
